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Abstract
The damage initiation and development in flax/epoxy laminates under quasi-static tension is studied. The laminates are
made of quasi-unidirectional woven prepregs in different configurations [0]8, [0, 90]2S, [45, 45]2S and
[0, 90,þ45,45]S, and processed using an autoclave. The damage was monitored during the tensile test using
acoustic emission and observed by post-mortem microscopy of the samples. The stress–strain curves illustrate the
ductile behaviour of the [þ45,45]2S composite, whereas in the other composites a more brittle behaviour was
observed. Non-linearity of the stress–strain curves is explained by the intrinsic non-linearity of flax fibres in tension. The
combination of the stress–strain data and the registered acoustic emission data is used to identify the damage initiation
and propagation thresholds. The damage thresholds are the lowest in the [0]8 laminate and the highest in the
[þ45,45]2S laminate. The observed fracture zones and damage mode are cracks inside and on the boundary of
technical fibres, cracks on the boundary of tows, matrix cracking, fibre pull-out and fibre breakage. A notable feature of
the damage behaviour is almost full absence of transverse matrix cracks inside tows in 90 plies, which are the major
damage modes in glass- and carbon-reinforced plastics. This is attributed to the low stress concentrations in transverse
direction due to the low transverse modulus of flax fibres.
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Introduction
In recent years, composites reinforced with natural
fibres have attracted the curiosity of many researchers.
Because of numerous advantages of natural fibres, such
as good specific mechanical properties, renewability of
raw material, low density (50–60% of the E-glass dens-
ity), non-abrasive behaviour, safer handling, low cost
and excellent potential to reduce carbon dioxide emis-
sions, natural fibres are promising candidates for com-
posite reinforcement. Even with drawbacks inherently
present in natural cellulose-based fibres, such as their
hydrophilic nature, wider properties variation, difficult
adhesion to thermoset and especially thermoplastic
resins, economical factors, etc., natural fibres are
being extensively explored by automotive, aviation,
marine, civil and packaging industries as an environ-
ment-friendly alternative to synthetic fibre composites.1
Flax is probably the most commonly used bast-type
fibre today. Due to its properties and availability, flax
fibres have the potential to substitute glass fibres in
polymer composites, even though their strength
is lower.
Flax fibres can be classified into elementary fibres
(sometimes referred to as ‘fibre ultimates’2), which are
grouped into so-called technical fibres consisting of 2–5
elementary fibres, as it is illustrated in Figure 1. The
elementary fibres are kept together mainly by pectins,
meaning that the technical fibres themselves are
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actually composite structures. Technical fibres have a
diameter of 30–300 mm, whereas elementary fibres have
a diameter of 15–35 mm.3 The elementary fibres are the
single plant cells consisting of concentric cell walls.
Morphologically, an elementary fibre consists of a pri-
mary thin cell wall, a secondary thick cell wall and a
lumen (of variable dimensions) – an open channel in the
centre of the fibre. Primary and secondary cell walls
differ in composition as well as in thickness. The pri-
mary cell wall which forms 10% of the fibre’s diam-
eter consists mainly of cellulose microfibrils embedded
in a matrix of pectin, hemicelluloses and small quanti-
ties of lignin.4,5 The secondary cell wall constitutes the
bulk part of the cell cross section, it consists of cellulose
microfibrils bounded with pectin and hemicellulose.
The numerous helically wound cellular microfibrils
are often laid down in layers having defined orienta-
tions (microfibrillar angle) with the axis of the fibre.6
A difference in physical, chemical and mechanical prop-
erties results from these morphological and constitu-
tional differences between the two walls. The
elementary flax fibre contains 65–75% of crystalline
cellulose, 15% of amorphous hemicellulose and 10–
15% of pectin.5
Prior studies7 determined the mechanical properties
of a single flax fibre. It has been shown that the tensile
strain–stress curves exhibit a non-linear behaviour
at the early stage of loading, with the fibre stiffness
decreasing when the applied strain reaches
0.1 . . . 0.3%, followed by the stiffness increase till
1.5% strain and linear stress–strain curve after. This
complex behaviour is explained in ref. [7] to be a
result of change of orientation of the structural compo-
nents of the fibre cell wall (cellulosic microfibrils): rela-
tive movement of the microfibrils in the amorphous
‘matrix’, which defines the initial softening, and subse-
quent alignment of the microfibrils with the fibre axis,
which leads to final stiffening. The initial softening can
also be a result of ‘kink bands’ type of resistance.6 The
specific non-linearity of the stress–strain curve is an
intrinsic characteristic of flax fibre (similar fibres, such
as hemp or ramie, exhibit the similar behaviour), which
will manifest itself in the yarn and composite tensile
response. Flax mechanical properties show a large scat-
tering. However, we can cite here the most frequently
published data of the mean longitudinal properties:
Young’s modulus, ultimate strength and ultimate
strain, which are 70GPa, 700MPa and 3%, respect-
ively.8 Transverse modulus is estimated to be around
8GPa.9
Damage in unidirectional (UD) and cross-ply flax
fibre-reinforced composites, tested under tensile loading
was studied in refs [3,10,11]. At the microscopic level
and at low stress, microcracks arise within the material
and by growing they may lead to other forms of
damage such as delamination, fibre breakage, inter-
facial debonding, etc. To better understand the
damage phenomena and to better control the param-
eters which lead to failure, acoustic emission (AE) was
used to monitor damage in natural fibre-reinforced
composites.10–12
This article continues this line of research, enriching
the experimental evidence and analysis of the damage
processes in flax/epoxy composites in the following
directions:
1. study of different laminate layups covering the typ-
ical configurations in practically used laminates;
2. combination of AE monitoring with post-mortem
microscopy for identification of the damage modes;
3. special the features of damage initiation and devel-
opment, which are specific to natural fibres, in con-
trast with man-made fibres such as glass.
Materials and test methods
The studied material is a quasi-UD woven prepreg,
flax/epoxy, with areal density of the reinforcement
170 g/m2 (95.5% flax fibres in the warp direction and
4.5% flax fibres in the weft direction), provided by
LINEO (Belgium). The surface image of the prepreg
is shown in Figure 2. The woven fabric is pre-impreg-
nated with epoxy resin (prepreg system Araldite
LY5150/Aradur 1571/Accelerator 1573/Hardener
XB3471). The laminates were made in different con-
figurations [0]8, [0, 90]2S, [45, 45]2S and
[0, 90,þ45,45]S, using vacuum bag and an auto-
clave. The temperature and the pressure during auto-
claving reached 130C and 4 bars, respectively. The
total fibre volume fraction of all the laminates is
47 2%.
Figure 1. Fibrous structure of flax prepreg: 1, elementary fibre;
2, technical fibre; 3, yarn.
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To analyse the plate cross sections, specimens of
10 10mm were cut from the plates’ edges; these
cross sections, observed under an optical microscope,
are shown in Figure 3. The micrographs of the lamin-
ates cross sections (Figure 3) reveal good quality of
impregnation, no voids were observed in any of the
prepared laminates. Rectangular samples, 250mm
long and 25mm wide, were cut out from 2mm thick
plates, using a diamond wheel saw, to be further sub-
jected to tensile tests in the 0 direction. To avoid fail-
ure due to the stress concentration of the machine
clamps, 40 25 5mm glass/epoxy composite tabs
were glued at the ends of each specimen. The length
of each specimen between the grips was 170mm.
Tensile tests were performed using an INSTRON
4505 machine with a loading capacity of 100 kN and
the load cell of 100 kN. The crosshead speed, tempera-
ture and humidity during the tests were 5mm/min,
20C and 50%, respectively. For each configuration,
three tests were carried out. Stresses in the samples
were calculated based on the thickness measured for
each sample before the test.
To monitor in situ the damage development in the
laminates, AE VALLEN equipment was used
(Table 1). The traction machine was connected to the
AE control unit, providing load signal. The preampli-
fication was 34 dB, and the noise was filtered using a
threshold of 40 dB. To provide a good acoustic cou-
pling, the sensors surfaces were covered with silicon
grease, and then the sensors were attached inside the
gauge length approximately at the same distances from
the specimen’s tabs. The nominal distance between the
sensors was 100mm. AE recording was performed in
another series of three tensile tests for each configur-
ation. After identification of damage thresholds, several
tests were performed with specimen loading up to cer-
tain intermediate load level. These specimens, as well as
the specimens loaded till failure, were cross-sectioned
and the internal structure of the laminates and damage
in them was observed under optical microscope.
The strains during tensile tests were measured
using a digital image correlation technique, for which
a Vic2D software (the software from LIMESS
Maßtechnik und Software GmbH, 2006; Table 1).
The speckled black-and-white pattern on the specimen
surface was made by spraying the zone of 50mm length
in the middle of the specimen. The images were taken
with time interval 0.5 s. The noise in the DIC measure-
ment was estimated based on the strain calculation for
a given displacement of the specimen as rigid body and
was found to be below 0.02% strain. Average strains in
the direction of loading and in the transverse direction
were calculated based on DIC strain maps and used for
calculation of Poisson’s coefficient. All strain values
given in this article are DIC-average values.
Results and discussion
Stress–strain curves
Stress–strain curves for the studied laminates are pre-
sented in Figure 4. A ductile behaviour is seen for
Figure 2. Surface image of the flax prepreg. Warp direction is vertical. Inset: enlarged image.
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[þ45,45]2S laminate, whereas for other laminates a
brittle behaviour is observed. All the curves exhibit a
non-linear behaviour at the early stage of loading. On
the basis of the stress–strain measurements, the stiffness
(E) during loading was evaluated, and the variation of
the tangent stiffness modulus versus strain for one char-
acteristic stress–strain diagram was plotted in the same
graph. The tangent modulus value was calculated as a
ratio of the stress increment to the strain increment for
two subsequent readings of the stress and strain, cor-
responding to the strain increment of 5e-4.
Tangent modulus versus strain curves display three
main parts (see labels in Figure 4a). In the first part (1),
at low strains, approximately up to 0.2% of strain for
the [0]8, [0, 90]2S and [0, 90,þ45,45]S laminates
and up to 0.5% of strain in the case of the
[þ45,45]2S laminate, the curve has a plateau or
somewhat constant value. This plateau defines an
Figure 3. Cross sections of the laminates, parallel to 0 axis: (a) [0]8, (b) [0, 90]2S, (c) [0, 90,þ45,45]S and
(d) [þ45,45]2S.





Discrimination time 400 ms
Rearm time 9.2 ms
Sample rate 5 MHz
Sensors Resonant sensors VS375-M
100 kHz to 1 MHz
Sensor diameter 2 cm
Strain mapping
Software LIMESS 2Vic
Correlation subset 21 pixels
Correlation step 5 pixels
Strain window 5 pixels
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interval of linearity of the stress–strain curve, the max-
imum strain in this interval will be called ‘linearity
threshold strain’ (see Table 2). This plateau is followed
by a second part (2) where the curve decreases rapidly
and continuously, terminating by the region (3) where
the modulus decreases much slowly until the failure of
the laminate (4). The Young’s modulus for the different
composites was then calculated by averaging the modu-
lus values in the linearity interval, up to the linearity
threshold given in Table 2. Young’s modulus values
and the main mechanical properties: ultimate strength,
ultimate strain and Poisson ratio, identified from
stress–strain curves and DIC measurements are listed
in Table 2.
It is instructive to compare the measured Young’s
moduli with the values, which can be obtained using
micromechanical homogenisation of the plies and
Classical Laminate Theory (CLT) under assumption
of ideal UD structure of the plies. The calculations
using Chamis formulae for homogenisation (fibre lon-
gitudinal (L) and transverse (T) moduli EL¼ 70GPa











































































































































Figure 4. Stress–strain curves for all tests and stiffness–strain curve for a typical test: (a) [0]8, (b) [0, 90]2S,
(c) [0, 90,þ45,45]S and (d) [þ45,45]2S.
Table 2. Summary of tensile tests and AE results.
Laminate




















[0]8 0.12 27.2 0.52/33.1 0.409 0.034 296 0.5 1.65 0.055 0.45 5.86 107
[0, 90]2S 0.14 15.7 0.15/18.1 0.126 0.014 158 2 1.62 0.5 0.54 2.35 106
[0, 90,þ45, 45]S 0.20 11.9 0.6/13.5 0.319 0.259 126 7.5 1.76 0.15 0.8 1.8 105
[þ45,45]2S 0.5 5.7 0.11/9.0 0.566 0.064 85 4 7.47 0.415 0.87 2.9 104
Note: The scatter gives the standard deviation in three tests.
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Young’s modulus of the matrix 2.7GPa, Poisson’s coef-
ficient 0.4, fibre volume fraction 47%) and CLT formu-
lae give the values for the laminates, which are shown in
Table 2. The measured values are systematically below
the estimations, which are explained by the crimp of the
yarns and curvature of the fibres inside them, caused by
their twist (ca. 100 turns/m). The crimp, caused by the
presence of weft yarns (albeit well-spaced), is evident in
the micrographs of the laminate cross section
(Figure 3a). The angle of the warp yarn inclination in
relation to the middle surface of a woven ply can be
estimated as lying in the range from few degrees for the
most part of the yarn up to 15 . . . 20 near the intersec-
tion with a weft yarn.
One can observe a slight difference in the onset of
non-linearity between the [0]8 and [0, 90]2S laminates,
which happens at 0.12% and 0.14% of strain, respect-
ively. In the laminates with 45 layers the non-linearity
occurs at a higher strain value being 0.2% of strain in
[0, 90,þ45,45]S and 0.5% of strain in
[þ45,45]2S laminate. This is explained by the fact
that strain in the direction of the fibres in 45 plies is
lower than the strain applied at 0 direction, and we will
see below that the non-linearity is a consequence of
the intrinsic non-linearity of flax fibres, hence is con-
trolled by the strain in the direction of fibres in the
laminate plies.
The non-linearity of the stress–strain curves of the
flax laminates when loaded in the fibre direction has the
same character as the intrinsic non-linearity of flax
fibres, observed in refs [6,7] and discussed in the
‘Introduction’ section earlier. The same behaviour
was also reported in ref. [11] for UD flax fibre
composites. The two main stages of tangent modulus
evolution, an initial constant value followed by a
decrease at 0.1 . . . 0.3% strain, was found in both stu-
dies, to be followed at higher strains by a new increase
in stiffness, with the final linear section of the curve.7
This behaviour is very close to the one observed in our
measurements for the initial part of the stress–strain
curve.
Apart from the similarities, there are differences in
behaviour of single flax fibre or UD flax/polyester com-
posites, reported in refs [7] and [11], respectively, and
quasi-UD woven flax/epoxy laminates studied in this
work. To highlight the difference between these cases,
the normalised stress–strain curves for a single flax
fibre7 and the studied flax/epoxy composite were
plotted in the same graph – Figure 5. Single fibres,
and ‘ideal’ UD flax composites exhibit a change of
the stiffness after linearity threshold: first significant
decrease of the stiffness, then its increase to values
close to the initial modulus. In the case of quasi-UD
laminate, the stiffness decreases monotonically after the
linearity threshold to reach a constant value about ½
of the initial modulus (Figure 4a). The difference can be
explained by the fact that in the quasi-UD woven fabric
considerable crimp of the yarns/fibres increases the
local strain in the fibres, and the fact that the flax
yarns are slightly twisted. The crimp leads to difference
of the strain in different yarns and in different section of
the yarns. The intrinsic variations of the fibre stiffness
happen on different corresponding moments of the spe-
cimen deformation and are reflected in the measured
specimen’s stress–strain curve collectively, in certain





















Flax epoxy quasi-UD [0]8 laminate Flax
Figure 5. Normalised stress–strain curves in a single flax fibre (after7) and in the studied flax/epoxy [0]8 laminate.
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variation trend to the observed monotonic decrease.
Finally, the stiffness continues decreasing, but with
much slower rate. However, it does not stabilise as it
does for individual fibres.
In the [0, 90]2S laminate the curve (Figure 4b)
shows the behaviour which is practically the same as
for [0]8 laminate, which means that the non-linearity of
the cross-ply laminate is mainly caused by the intrinsic
non-linearity of the fibres in the 0 layers. The stress
values, in comparison with the ones for [0]8 laminate,
are consistent with the fact that now ½ of the fibres is
oriented transversely and does not contribute signifi-
cantly to the average stress. The trend of the stiffness
change is quite similar to the one common for cross-ply
or woven glass composites,13,14 but is caused by differ-
ent mechanisms. In glass composites, the intrinsic stiff-
ness of fibres does not change with strain. The loss of
stiffness of the cross-ply laminate is caused by cracks in
90 plies or yarns, which reduce the input of these plies/
yarns in the total stiffness. We will see in ‘Microscopy
observations’ section that in the studied cross-ply flax
composite transverse cracks appear late, just before the
final failure of the specimen. There is no contribution of
transverse cracking to the composite stiffness decrease,
which is caused fully by intrinsic change of the fibre
stiffness. An interesting analogy for this phenomenon
is relation between the intrinsic stiffness increase of
carbon fibres and stiffness change during tensile loading
of textile carbon-reinforced composites.15,16
With the presence of bias (45) plies in the laminate
an additional factor starts playing a role: non-linear
plastic behaviour of the matrix, which manifests itself
ultimately in quasi-ductile behaviour of [þ45,45]2S
laminates (Figure 4d) with a wide non-linear region of
the tensile diagram and low final stiffness, defined by
the possible fibre rotation – the behaviour common for
bias loading of cross-ply laminate with glass or carbon
fibres as well.17,18 Stress–strain diagram of the quasi-
isotropic laminate [0, 90,þ45,45]S is generally
similar to [0,90], with the difference of more smooth
change of stiffness and continuing stiffness decrease up
to failure of the sample – features which can be
explained by combination of almost bilinear diagram
of [0, 90] and fast and deep stiffness decrease of
[þ45,45].
Acoustic emission results
The damage initiation and development in the studied
laminates were monitored using AE. The AE activity
recorded during tensile tests is reported in terms of




























































































































































Figure 6. AE events energy, cumulative AE energy, stress and stiffness versus strain, a typical test: (a) [0]8, (b) [0, 90]2S,
(c) [0, 90,þ45,45]S and (d) [þ45,45]2S.
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events AE energy versus strain, cumulative energy
versus strain, stress–strain and stiffness–strain depen-
dencies in the same graph. To avoid their damage,
AE sensors were removed before the final failure of
the specimen, at 65 . . . 80% of the final failure stress
(e.g. at 1% strain for 0 laminates, whereas the real
failure strain is 1.6%).
The analysis of the AE diagrams allowed us to iden-
tify the damage thresholds in the different laminates. It
is apparent that the threshold of damage is the lowest in
the [0]8 laminate being 0.45% strain. The AE diagram
for [þ45,45]2S (Figure 6d) shows the highest
damage initiation value, which reaches 0.87%
strain. The damage threshold strains (average for
three tests) are shown in Table 2 for all the studied
laminates. The damage thresholds definition is based
not on absolute value of the AE energy, but on the
change in the cumulative AE energy curve shape.
However, the use of certain threshold for AE noise fil-
tering (40 dB) relies on low attenuation of the signal on
few centimetres length, and no loss of information due
to this filtering. As discussed below, the signals below
the noise filter level may be caused also by damage
events on the microstructural level of the fibres.11
The remarkable feature of the AE activity is the fact
that the damage threshold strain is at least two times
higher than the linearity threshold. This highlights the
observation made earlier, that the observed stress–
strain non-linearity is caused by the intrinsic change
of stiffness of flax fibres, even in absence of damage
in the laminate – which is shown by the absence of
AE events.
The AE characteristics in [0]8 laminate, registered
in our tests, correspond to observations made in ref.
[11]. With the test configuration and specimens
dimension close in our work and in ref. [11], one
can cautiously assume that the AE event amplitudes
in these tests can be considered similar one to
another. For UD flax/polyester composites, tested in
that work, AE activity with amplitude in the range
20 . . . 40 dB starts at strain of 0.9%, well above the
linearity threshold. The lower amplitude events,
observed in ref. [11] to start together with onset of
non-linearity (yield point), are explained in ref. [11] as
being connected to microstructural failure events
within elementary fibres – or, in other words, with
intrinsic change of the fibre stiffness. Our measure-
ments confirm this conclusion in ref. [11] not only
for UD laminates but also for more complex flax
fibre reinforcement architectures: quasi-UD laminates
with yarn crimp, cross-ply and quasi-isotropic lamin-
ates. For all these materials, as evidenced by the
curves in Figure 6(a) to (c) and data in Table 2,
the onset of AE activity happens much later than
the stress–strain curve becomes non-linear.
For [þ45,45]S laminate AE threshold is also later
than onset of non-linearity of stress–strain curve.
However in this case of off-axis, bias loading this phe-
nomenon is quite common also for glass-reinforced
laminates,13,18 with no intrinsic change of the fibre stiff-
ness, and explained mainly by plastic behaviour of the
matrix. Further discussion in this section will be
focused on [0]8, [0, 90]2S and [0, 90,þ45,45]S
laminates, which demonstrate pecularities of flax fibre
behaviour.
Once started, damage in composites, presumably
causing the observed AE activity, contributes to
the decrease of stiffness. Instead of the constant
stiffness of flax fibres at high strains, the laminates
demonstrate stiffness decrease, albeit slow, for high
strain region as well. The difference from the ‘con-
stant stiffness at high strain’ behaviour of individual
fibres can be explained by on-going damage in
the matrix or fibre/yarns – matrix interface (see
‘Results and discussion’ and ‘Conclusion’ sections
below).
Comparison of the AE events registration in
Figure 6, sections a–c, for [0]8, [0, 90]2S and


































Figure 7. Distribution of AE events amplitude in [0]8 (a) and
[0, 90]4S (b) laminates, three tests.
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number of the registered events is strongly linked to the
amount of 0 fibres. This allows hypothesising that the
AE events are mainly linked to fibre damage and
damage associated with 0 fibres and yarns – a hypoth-
esis supported by the fact that matrix fracture is
observed only at late stages of loading (see ‘Results
and discussion’ and ‘Conclusion’ sections below).
Figure 7 analyses further the distribution of AE
events amplitude for UD and cross-ply laminates. For
the former (UD, Figure 7a), the distribution has a
roughly Gaussian shape with an average peak value
around 60 dB. This value of amplitude is close to the
one (55 dB) ascribed to the fibre breakage.10,12 In cross-
ply laminate (Figure 7b), the distribution is more uni-
form, suggesting that damage (matrix? interface?) leads
to appearance of AE events with lower and higher
amplitudes.
Microscopy observations
The AE analysis was further supported by optical
observations, as illustrated in Figure 8. The specimens
loaded till failure and till intermediate stages of loading
were cross-sectioned and the polished cross sections
studied under an optical microscope. Cracks on inter-
face of the yarns and technical fibres were observed in
specimens starting from the applied strain level corres-
ponding to onset of the AE activity. Presumably weak
adhesion of epoxy resin to flax fibres can be a reason
for early occurrence of these cracks. The appearance of
these cracks is the same for different stages of loading,
hence only the failed specimens are shown in Figure 8,
as they reveal most clearly the damage features. These
interface cracks appear in longitudinal, transverse and
shear loading of the plies. The cracks on interface of
Figure 8. Micrographs of the failed samples, cross sections made in the proximity to the fracture region: (a) [0]8 laminate, section
normal to the loading direction, arrows show longitudinal cracks on yarn/matrix interface; (b) [0, 90]4S laminate, section in the
direction of loading, arrows show a transversal crack; (c) [0, 90,þ45,45]S laminate, section in the direction of loading, arrows
show cracks on yarn/matrix interface and (d) [þ45,45]2S laminate, section in the direction of loading, arrows show cracks on yarn/
matrix interface.
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individual technical fibres and yarns do not coalesce
into longer cracks, but can form a ‘cluster’ of cracks
in neighbouring yarns.
Contrary to expectations, transverse cracks in 90
and 45 plies were not found till the final stage of
the loading. This behaviour is very different to what
is observed in glass fibre-reinforced laminates. This
can be attributed to the low stress concentrations in
transverse direction due to the low transverse modulus
of flax fibres (ca. 8GPa). One can also argue that the
damage in flax laminates follows the weakest place,
namely fibre-matrix debonding (because of the low
adhesion), while in glass fibre laminates with stronger
interface between fibres and matrix transverse cracks in
the matrix are the prevailing damage mechanism,
caused by stress concentrations due to high stiffness
contrast between fibres and matrix.
The related feature, also different from what is seen
in glass-reinforced composites, is morphology of longi-
tudinal cracks on interface of the yarns (these cracks
can be called ‘debondings’ or ‘splitting’). In glass fibre-
reinforced composites, these local debondings are nor-
mally a result of interaction of a transverse crack with
an interface. Hence, the ‘debonding’ cracks are nor-
mally parallel to the lamina plane. In flax quasi-UD
woven composites, as it can be seen in Figure 8(a),
the longitudinal debondings of yarns interface can be
positioned on any side of the yarn. These debondings
should be linked to intra-yarn and intra-fibres cracks,
as suggested in ref. [11].
Conclusion
In this study, the mechanical properties and damage
behaviour of flax/epoxy quasi-UD woven [0]8,
[0, 90]2S, [0, 90,þ45,45]S and [þ45,45]2S
laminates were investigated. The main findings can be
summarised as follows:
1. The stress–strain curves show that the [þ45,45]2S
laminates exhibit ductile behaviour, while [0]8,
[0, 90]2S, [0, 90,þ45,45]S and [þ45,45]2S
are rather brittle. The stress–strain curves exhibit
a specific bilinearity, which is attributed to the
intrinsic change of stiffness of flax fibres with
deformation. The linearity threshold is in the range
of 0.12 . . . 0.2% strain for [0]8, [0, 90]2S,
[0, 90,þ45,45]S laminates and 0.5% strain for
[þ45,45]2S.
2. Damage initiation thresholds, determined using AE,
are found to be 0.45% strain for [0]8 laminate,
0.54% strain for [0, 90]2S, 0.8% strain for
[0, 90,þ45,45]S and 0.85% strain for
[þ45,45]2S. The damage thresholds are much
higher than the linearity threshold. The damage
thresholds for [0, 90]2S and [0, 90,þ45,45]S
are considerably higher than the damage thresholds
typically observed in glass fibre woven cross-ply and
quasi-isotropic laminates.
3. The damage mechanisms in quasi-UD woven flax
fibre laminates are governed by damage processes
in elementary flax fibres, which are transferred to
the inter-fibre, inter-yarn and inter-ply meso-scale
level in the form of technical fibres or yarn debond-
ings, localised in the scale of a yarn diameter. Matrix
cracks through plies are formed in 90 plies only at
very late stages of loading, prior to failure of the
specimen and are not found in 45 plies.
The observed absence of transverse cracking in flax-
reinforced composites may open new perspectives in
exploiting the advantages of natural fibre composites.
In particular, observations in refs [19,20] suggest a
direct link between the damage thresholds in quasi-
static loading and the fatigue limit in glass- and
carbon-reinforced composites. Investigation of this
link for natural fibre composites may open new per-
spectives for damage-driven applications of ‘green’
materials.
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